Introduction

30
In the neocortex, cognitive-relevant processes depend on the activity of intricate networks 31 formed by specific excitatory and inhibitory neuronal populations that are inter-connected according 32 spikes, which are strongly phase-locked to both spontaneous and visually evoked γ-rhythmic activity 42 (Perrenoud et al., 2016) . 43 In addition to targeting PNs, PV cells strongly inhibit one another, and GABAergic connections 44 between PV cells contribute the greatest inhibition of this interneuron type (Avermann et al., 45 2012; Pfeffer et al., 2013) . Moreover, PV cells are self-connected by autapses (synapses that a neuron 46 makes with itself (Van der Loos and Glaser, 1972)). Self-inhibition was first described anatomically in 47 adult neocortex of the cat (Tamas et al., 1997) , and it was demonstrated to be functional in rodent 48 (Bacci et Connections between PV cells form a specific inhibitory network that is important for 55
synchronizing a large population of neurons during γ-oscillations (Bartos et al., 2007; Buzsaki and Silva, 56 2012; Buzsaki and Wang, 2012) . Despite the known role of PV cells as the clockwork of cortical 57 networks, the underlying mechanism is still poorly understood. In addition, although functional 58 autaptic transmission was demonstrated, the actual proportion of self-connections in relation to other 59 synaptic projections from neocortical PV cells to other cells is unknown. Are autapses solely a 60 connectivity curiosity, or do they represent an important source of inhibition of PV cells? Could fast 61 self-inhibition contribute in keeping PV cell firing in sync with rhythmic network activity? 62
Here we measured the strength of autaptic self-inhibition compared to synaptic transmission 63 from the same PV cell onto their two principal synaptic targets: PNs and other PV cells. Remarkably, 64 autaptic responses were invariably much larger than unitary synaptic transmission onto PNs, and, on 65 average, onto other PV cells. Quantal parameters underlying the autaptic vs. synaptic strength were 66 different depending on whether the postsynaptic neuron was a PN or another PV cell. We found that 67 PV cells with strong autaptic inhibition provided little input to other PV cells, while PV cells with smaller 68 autapses provided larger heterosynaptic inhibition to neighboring PV cells. Remarkably, self-69 connections accounted for up to ~40% of the entire inhibitory strength onto single PV cells. Finally, 70 we found that autaptic transmission tuned the strong coupling of PV-cell spikes with γ-oscillations, by 71 modulating spike after-hyperpolarization (AHP) and thus inter-spike intervals. Therefore, autaptic self-72 innervation accounts for a large fraction of synaptic inhibition PV cells receive, and is responsible for 73 locking their spiking activity to cognitive-relevant network oscillations. 74
75
Results
76
Layer V PV cells connect more powerfully with themselves via autaptic contacts than with other 77 synaptic partners. 78
In order to compare autaptic inhibition of PVs cells with the synaptic inhibition from the same 79
PV cells through GABAergic connections onto PNs and other PV cells, we performed simultaneous 80
paired recordings between these two cell types in neocortical Layer V of the mouse somatosensory 81 (barrel) cortex of acute brain slices. We used a transgenic PV-cre::tdTomato mouse strain to identify 82 PV cells unambiguously (see Methods). Briefly, tdTomato-positive neurons exhibit a clear multipolar, 83 aspiny morphology and stereotypical fast-spiking behavior. Non-fluorescent PNs had typical large cell 84 bodies and an apical dendrite directed towards the pia (see Methods). We isolated GABAergic events 85 pharmacologically, and used a high-Cl intracellular solution (see Methods) for voltage-clamp 86 recordings of GABAergic synaptic currents that were inward at a holding potential of -80 mV. We 87 elicited action currents in PV cells in voltage-clamp by delivering brief (0.2 -0.6 ms) depolarizing steps 88 from -80 mV to membrane potential between -20 mV to 0 mV in order to minimize passive electrical 89 artefacts induced by the stimulus. Self-connected PV cells exhibited large GABAergic inward responses 90 following action currents. As previously demonstrated (Bacci et al., 2003) , this response results from 91 unitary autaptic transmission, since it exhibits fixed latencies, peak amplitude functions, and were 92 abolished by the GABAAR antagonist gabazine (10 µM, Fig. 1A ). We found GABAergic autaptic 93 inhibitory postsynaptic currents (autIPSCs) in 74% of recorded PV neurons (n = 164). The same action 94 currents in PV cells elicited unitary inhibitory postsynaptic currents (synIPSCs) onto a fraction of PNs 95 (Fig. 1A,B ) or PV cells (Fig. 1C,D) . The yield of finding connected PV-PN pairs was of 61% (36 out of 59 96 pairs), of which 75% exhibited also autaptic responses (27 out of 36 pairs). We found that PV-PN 97 responses were invariably much smaller than their autaptic counterparts, either when they were 98 analyzed independently (Table 1 ; p = 5.6E-7, n = 84 and 22 for autaptic and synaptic transmission, 99 respectively), or when paired dual connections were analyzed separately (Table 2 ; p = 5.3E-4, n = 16; 100 PV-cell autaptic strength was larger than PV-PV synaptic transmission (Table 1; p = 5.7E-5, n = 84 and  103 49 for autaptic and synaptic transmission, respectively), both when autIPSCs and synIPSCs were 104 A, Unitary autaptic and synaptic inhibitory currents (autIPSCs and synIPSCs) evoked simultaneously in a PV cell and a PN respectively, in response to PV cell stimulation. Individual responses (15 grey traces) were averaged (thick trace, blue for autIPSC and black for synIPSC). In the presence of the GABAAR antagonist, gabazine (10 µM), the two responses were blocked but note the residual current in the PV cell reflecting the distortion due to the voltage step eliciting the action potential current (clipped). In order to cancel this stimulus waveform, current traces in gabazine were subtracted from control responses (orange: subtracted trace, average of 10 trials). B, Population data obtained from PV-PN pairs with either single (autaptic or synaptic) or paired dual (autaptic and synaptic) connections (all data, left panel). Right panel illustrates exclusively pairs with both synaptic and autaptic connections from the same presynaptic PV cell (dual connections only). Note that the mean autaptic current from PV cell is systematically and significantly larger than the synaptic one (*** p<0.001). C, Representative traces of autIPSCs and synIPSCs as in A, but recorded in a PV-PV pair. D, Population data obtained from PV-PV pairs with summary plots as described in B. Note that on average autaptic currents are larger than synaptic currents ((*** p<0.001, * p<0.05).
analyzed independently, and when paired dual connections were analyzed separately (Table 2; Autaptic self-inhibition onto PV cells is powerful and, on average, stronger than synaptic transmission 121 from the same cells to other elements of cortical microcircuit (Fig. 1) . We therefore set out to 122 determine the quantal parameter(s), responsible for stronger autaptic neurotransmission using 123
Bayesian quantal analysis (BQA) (Bhumbra and Beato, 2013) . We recorded from pairs of PV cells and 124
PNs, exhibiting GABAergic autaptic and synaptic responses, at two extracellular Ca 2+ concentrations 125 (2.0 and 1.5 mM), resulting in different release probabilities. At the end of each recording, we applied 126 the GABAAR antagonist gabazine to enable subtraction of the stimulus waveform and action current 127 to isolate autaptic responses for each of the Ca 2+ concentrations (Fig 2A) . Also in this set of data, 128 autIPSCs recorded with high ([Ca 2+ ] (2 mM) were invariably larger than synIPSCS (mean current = 129 394.15 ± 58.54 vs. 151.64 ± 26.24 pA; autaptic vs. synaptic connections; p = 0.002, n = 11; Fig. 2B,C are shown alongside their respective amplitude distributions observed in the presence of of 1.5 mM (left, low release probability) and 2 mM (right, high release probability) extracellular Ca 2+ . The results of BQA are represented as probability distributions for the quantal size (F; q), maximal response (G, n), release probability (H, p) and number of release sites (I; r). The dashed line is the median. Note the larger quantal size and maximum current of autaptic responses. (n=11; ** p<0.01).
parameters from the marginal posterior distributions for the quantal size q and maximal response r 133 (where r = nq), and hence number of release sites n (Fig. 2 D, E) (Bhumbra and Beato, 2013) . 134 We found that in PV-PN pairs with both autaptic and synaptic connections, autaptic responses 135 had a significant larger quantal size (q) than unitary synaptic connections onto PNs (Table 3 ; p = 136 0.00976, n = 11; Fig. 2F ). Accordingly, the maximal response r (nq) was also larger in autaptic vs. 137 synaptic responses onto PNs (Table 3 ; p = 0.0098, n = 11; Fig. 2G ). Conversely, no differences in release 138 probability (Pr) and number of release sites (n) were shown by comparison of autaptic transmission 139 onto PV cells and synaptic inhibition from the same neurons onto PNs (Table 3; We noticed that the strength of self-vs. heterosynaptic inhibition defined two connectivity patterns 151 of PV cells: those with stronger autaptic than synaptic PV-PV connections, and those, which showed 152 an opposite trend (referred to as 'introverted' and 'extroverted' PV cells, respectively; Fig. 3A,B) . In 153 our hands, 'introverted' PV cells (in which autIPSCs > synIPSCs) corresponded to 63.1% of the total 154 dual connected sample (n = 24 out of 38). Of those 38 PV cells, stable experiments suitable for BQA 155 analysis were obtained in 15 pairs, 9 of which were 'introverted' and the remaining 6 'extroverted' 156 PV cells (corresponding to 60 nd 40%, respectively; Fig. 3C,D) . Importantly, the size of autaptic and 157 unitary synaptic response were inversely correlated (R = -0.5643, p=0.031; Fig. 3D ), suggesting the 158 Results of BQA are represented as probability distributions for the quantal size (E; q), release probability (F, p), number of release sites (G, n) and maximal response (H; r). Note that the large size of an autaptic/synaptic response relies on a large number of release sites compared to their synaptic/autaptic correlate in all but one introverted and extroverted PV cell, respectively. existence of two connectivity patterns between PV cells that could be distinguished by their self-159 inhibition strength. We found that in both 'introverted' and 'extroverted' PV cells, autaptic and 160 synaptic quantal size (q) was similar for both 'introverted' and 'extroverted' PV cells (n = 9 and 6, 161 respectively; Fig. 3E ). In addition, release probability (Pr) was similar for self-and PV-PV synaptic 162 inhibitory contacts; Fig 3F) . However, we found that a differential number of release sites (n) 163 determined the strength of autaptic and synaptic connections onto PV cells. Indeed, in 8 out of 9 164 'introverted' PV-cell pairs, the number of release sites (n) was larger in autaptic than synaptic 165 connections (Table 4 ; Fig. 3G , red symbols). Accordingly, the opposite was true for 'extroverted' PV-166 cell pairs, in which in 5 out of 6 cases, the number of autaptic release sites was smaller than PV-PV 167 synaptic connections (Table 4 ; Fig. 3G , grey symbols). Therefore, the maximal autaptic response r (or 168 nq) was larger or smaller in 'introverted' and 'extroverted' PV cell pairs, respectively (Table 4 is constant over the same period. H, mIPSCs frequency changes induced by high-K + puff in the same PV cells as in E and G, as estimated by the ratio before and after application of the high-K + solution for each puff. The dashed line indicates baseline frequency (average of the 1 st three points). Note that in BAPTA, the frequency declines progressively following the same time course than the autaptic transmission block whereas it is stable in EGTA. I, The percentage of decrease in mIPSCs frequency calculated between the same time points as in E and G i.e before and after potential autaptic transmission block, is shown on the summary plot. In PV cells with evoked autaptic IPSC, the frequency strongly decreases in presence of intracellular BAPTA (n=7) but not EGTA (n=7) whereas in PV cells with no autaptic transmission, the frequency did not change in both conditions (BAPTA, n=6; EGTA, n=4) (*** p<0.001).
autaptic neurotransmission was typically achieved within 20 minutes following whole-cell break in 185 (Fig. 4A) . In order to rule out that this time-dependent reduction of autaptic responses was due to 186 non-specific rundown, we performed some control experiments, in which autIPSCs were recorded 187 with an intracellular solution containing low concentration (1 mM) of the slow Ca 2+ chelator EGTA, 188 mimicking endogenous Ca 2+ buffering by parvalbumin (Collin et al., 2005) . In the presence of 189 intracellular EGTA, autIPSCs were stable for long periods (up to 1 hour, Fig. 4B ) (Bacci et al., 190 2003; Manseau et al., 2010) . 191
On average, after 20 min of intracellular BAPTA diffusion, autIPSC amplitude was 9.1 ± 8.8 % 192 of control (n=5), whereas in the same timeframe, intracellular EGTA diffusion did not affect autaptic 193 transmission (81.3 ± 7.4 % of control; n=5). To measure the relative fraction of autaptic inhibition onto 194
PV cells, we first tested whether or not the recorded PV cell exhibited an autaptic response (Fig. 4D) ; 195 we subsequently applied the Na + -channel blocker tetrodotoxin (TTX, 1 µM) and measured a baseline 196 period of miniature mIPSCs. Using a local micropipette, we then puffed ACSF with a high concentration 197 of KCl (20 mM) to depolarize all synaptic terminals impinging upon the recorded PV cell, thus forcing 198 global Ca 2+ -dependent release of GABA without inducing unwanted network effects (Fig. 4E) . We 199 repeated the high K + puffs once per minute, for at least 20 min, and we measured the relative increase 200 of mIPSC frequency (puff/baseline) as an estimate of global perisomatic inhibition onto the recorded 201 cell (Fig. 4 D-G) . 202
In the presence of 20 mM intracellular BAPTA, the high-K + -dependent increase in mIPSC 203 frequency declined steadily within 20 minutes after whole-cell break in (Fig. 4H) , consistent with a 204 complete autaptic blockade (Fig. 4B) . In contrast, in control experiments in which EGTA was internally 205 diffused, the increase of mIPSC frequency was stable over the same period of time (Fig. 4H) . On 206 average, mIPSC frequency blockade was 38.4 ± 4.2 % and 7.9 ± 2.4 % in the presence of BAPTA and 207 EGTA, respectively (BAPTA n = 7; EGTA n=7; p < 3.9E-5; one way ANOVA, followed by Tukey We found that light-evoked γ-activity in Layer II/III was reliably transmitted to Layer V PV cells, as 235 shown by subthreshold PSPs, which oscillated at the same frequency of IPSCs recorded in Layer II/III 236 (Fig. 5F,G) . When the membrane potential was slightly depolarized, light activation of a fraction of 237
Layer II/III PNs triggered several action potentials in Layer V PV cells (Fig. 5F ), strongly resembling PV-238 cell firing activity recorded in vivo (Perrenoud et al., 2016) . 239
These results indicate that optogenetically induced γ-oscillations in Layer II/III are faithfully 240 propagated to Layer V PV cells, thus allowing studying the role of autaptic self-innervation of these 241 cells during cortical network activity. 242 243
Autaptic neurotransmission is instrumental for locking PV-cell firing to γ-oscillations 244
We tested if the strong inhibitory autaptic conductance occurring after each spike in PV cells 245 is important for synchronizing these interneurons during γ-oscillations. Autaptic responses cannot be 246 In control conditions (with intracellular 1 mM EGTA), PV cells showed a broad range of AHP 250 durations (Fig. 6A,B) , consistent with varying strengths of autaptic transmission across different PV 251 cells (Pawelzik et al., 2003) . When autaptic neurotransmission was blocked by intracellular perfusion 252 of BAPTA (Fig. 4) Under control (EGTA) conditions, the specific duration of the AHP determined the coupling of 260 PV-cell spikes with γ-oscillations. Indeed, PV cells with slow AHPs, produced spike trains, which were 261 regular and strongly coupled to γ-oscillations, as the large majority of action potentials occurred 262 almost invariably at a precise time during the γ-cycle (Fig. 6C) . This strong coupling of PV-cell spiking 263 activity with γ-oscillations determined a very sharp, unimodal distribution of inter-spike intervals (ISIs) 264 peaking at the γ-oscillation period, as well as a sharp phase coupling histogram (Fig. 6D ). PV cells with 265 faster AHPs exhibited high-frequency doublets (Fig. 6E,F) , and/or bursts of spikes (Fig. 6G,H) . In these 266 cases, ISI distributions were multimodal, exhibiting peaks at shorter intervals than the oscillation 267 period. Moreover, the spike coupling to γ-phase was increasingly less sharply distributed (Fig. 6F,H) . 268
Multi-modality of ISI distributions and broad spike-phase coupling resulted from an increasing 269 number of spikes with very fast intervening ISIs, not effectively matching the period of ongoing γ-270 rhythm in Layer II/III (Fig. 6F,H) . Control PV cells characterized by the shortest AHPs and consequent 271 weak coupling with γ-oscillations (Fig. 6G,H ) exhibited firing patterns that were similar to PV cells, in 272 which autapses were blocked by intracellular perfusion of BAPTA, and characterized by fast AHPs. 273 These PV cells intracellularly perfused with BAPTA consistently produced high frequency bursts of 274 spikes (Fig. 6I) , yielding ISI distributions with the largest peak at a faster interval than the oscillation 275 period and broad spike-phase coupling distributions (Fig. 6J) . 276
On average, the distribution of ISIs in control (EGTA) cells peaked close to the γ-cycle. 277
Conversely, BAPTA-filled PV interneurons discharged with ISIs not matching the γ-period (mean log 278 ratio: -0.147 ± 0.077 and -1.078 ± 0.155 in EGTA and BAPTA, respectively, p= 6.45E-7, Wilcoxon rank-279 sum; Fig. 7A ). Further, distributions of ISIs were significantly less dispersed in control (EGTA) PV cells 280 as compared to PV cells filled with BAPTA as measured by the log ISI entropy (mean: 6.51±0.08 and 281 6.87±0.11 bits in EGTA and BAPTA, respectively, p= 0.0063, Mann-Whitney; Fig. 7A ). For each PV cell, 282 the slower the AHP, the closer to the γ-period was its ISI, whereas PV cells exhibiting fast AHP (such 283 as those whose autapses were blocked by intracellular BAPTA) fired with ISIs that were faster than the 284 γ-period (Spearman R = 0.553; p = 4.02E-7; Fig. 7B) . 285 The observation of larger autaptic currents than inhibitory synaptic responses elicited by the 306 same PV cells onto PNs was not due to differences in the number of release sites, but to a larger 307 autaptic quantal size. A larger quantal size can be ascribed to several causes, including, for example, 308 different subunit composition of GABAARs, their expression level at postsynaptic sites, their 309 phosphorylation state, and the specific interactions with distinct scaffolding, anchoring and trans-310 synaptic proteins (Fritschy et al., 2012) . 311
Another reason for a smaller quantal size in PNs could be a more distal location of PV-PN 312 synapses as opposed to PV cell autapses. This could result in more low-pass filtering of synaptic 313 responses with a consequent reduction in their size. Although we cannot exclude that this is the case, 314
we argue against this possibility, since PV cells are known to be perisomatic targeting (Freund and 315 Katona, 2007) . Indeed, the cell body of large Layer V PNs is almost completely innervated by PV-316 positive inhibitory terminals (Bodor et al., 2005) . This is consistent with the very fast rise-time of PV-317 PN unitary synaptic responses (<1 ms, data not shown). Finally, although a different quantal size 318 between two synaptic connections is traditionally ascribed to postsynaptic factors, we cannot exclude 319 that the difference in q could be due to a different amount of neurotransmitter released by each 320 vesicle at each individual synapse. Future studies will be necessary to pinpoint the molecular 321 mechanism underlying the difference in quantal size between autapses onto PV cells and synapses 322 onto PNs. 323
Curiously, connections between PV cells showed a connectivity logic dictated by their actual 324 autaptic strength. Although self-contacts were generally stronger than heterosynaptic connections 325 with other PV cells, autapses were weaker in a minority of cases (~38%). In both 'introverted' and 326 'extroverted' PV cells, the difference between autaptic and synaptic strength was due to a higher or 327 lower number of release sites, and thus it was due to anatomical specificities. Similar quantal size at 328 autaptic and synaptic connections between PV cells indicates that postsynaptic sensitivity to released 329 GABA at autaptic contacts is equivalent to that of synaptic connections. This could be due to 330 expression of molecularly similar postsynaptic receptor clusters, and similar degree of autaptic and 331 synaptic filtering. 332
The existence of 'extroverted' and 'introverted' PV cells prompts the question of whether they 333 belong to different cell types. Whereas we detected no changes of passive and firing properties of 334 'introverted' and 'extroverted' (data not shown), we cannot exclude differential morphology and/or 335 connectivity patterns. Alternatively, the differential strength of self-vs. heterosynaptic inhibitory 336 contacts could be due to activity-dependent plasticity of GABAergic connections from PV cells. probabilities, respectively. Gabazine was applied at the end of the recordings to subtract the stimulus 496 waveform and the isolated action current to autaptic responses (Fig 1A,C) . The IPSCs amplitude was 497 estimated as the current from the baseline before the onset of the stimulus to the peak on control or 498 subtracted trace when gabazine was applied. Data were analyzed using pClamp (Molecular devices, 499 In contrast to multiple probability fluctuation analysis (MPFA) (Silver, 2003 ) that relies on parabolic 511 fits to the variance-mean relationship of synaptic currents, BQA models the distribution of all 512 amplitudes observed at different release probabilities. The advantage this confers on BQA is that 513 quantal parameters can be reliably estimated from few response measurements obtained from only 514 two different release probabilities (Bhumbra and Beato, 2013) . Quantal parameters were estimated 515 as the median value of the posterior distributions. The BQA implementation was modified in the 516 selection of the marginal priors for the number of release sites. Contrary to our previous 517 implementation (Bhumbra and Beato 2013) , in which the marginal priors for the probability of release 518 and the uniquantal coefficient of variation were assigned according to Jeffrey's rule, while the number 519 of release sites had an uniform prior, here we applied Jeffrey's rule to the number of release sites as 520 well, resulting in a reciprocal, rather than uniform, prior distribution. 521
522
Miniature inhibitory synaptic events 523 ACSF containing a high concentration of K + (~20 mM) was applied using a pressure system 524 (puff), through a glass pipette located near the cell body of the recorded PV interneuron to depolarize 525 axon terminals impinging the recorded neuron. High-K + puffs induced global asynchronous release of 526 GABA that could be detected as a substantial increase in the frequency of miniature inhibitory 527 postsynaptic currents (mIPSCs). mIPSCs were recorded during successive sequences of baseline 528 activity and throughout puff application (3-6 s, 1 puff / minute), for at least 20 min. Miniature 529 GABAergic events were detected using a custom written software (Detector, courtesy J.R. Huguenard, 530
Stanford University; Supplemental figure 1). Briefly, individual events were detected with a threshold-531 triggered process from a differentiated copy of the raw current trace. Detection frames were 532 inspected visually to ensure that the detector was working properly. mIPSC frequency was calculated 533 for successive 1 s time windows. For each puff application, the relative mIPSC frequency was estimated 534 as the ratio between the maximum mean frequency (1 s bin) during puff application and the average 535 of the mean frequencies for the entire baseline duration. To evaluate the percentage of mIPSC 536 frequency decrease, we compared the relative frequency (average of 3 successive values) at the 537 beginning of the recording (5-10 min after whole-cell configuration establishment) to the relative 538 frequency after the block of autaptic currents by BAPTA (~20 min after whole-cell configuration 539 establishment). 540 541
Firing properties of layer 5 PV cells during photo-induced γ-activity 542
Bursts of γ activity were evoked by light stimulation of ChR2-positive PN cell bodies in Layer 543 II/III. While recording from a layer 5 PV interneuron, a simultaneous recording of a Layer II/III ChR2-544 negative PN was used to determine the period of the γ activity. Rhythmic synaptic events evoked by 545 light stimulation were detected using Detector (courtesy of J.R. Huguenard) as described above for 546 mIPSCs. Spikes of Layer V PV cells were extracted using a threshold of -10 mV on the membrane 547 potential trace. PSC cycles were measured and the timing of each spike in the PV neuron was 548 expressed as a phase relative to the peak of each γ oscillation. Inter-spike intervals (ISI) and phase 549 distributions were computed for each cell using custom written software (MATLAB). Variability of 550 firing was evaluated using the entropy of the log interval distribution (Bhumbra and Dyball, 2004, 551 2010), whereas the dispersion of peri-cycle spike times was quantified using the entropy of the 552 corresponding phase distribution (Bhumbra and Dyball, 2010) . 553
The Circular statistic toolbox of MATLAB was used to compute parameters of phase distributions and 554 their associated statistical tests, as indicated in the text. Global inhibition onto single PV cells was estimated as the increase of mIPSC frequency evoked by a 588 local puff of 20 mM KCl, triggering massive Ca 2+ -dependent release of GABA onto the recorded neuron 589 (Fig. 4) . Shown is a snapshot of the mIPSC detection software before (left) and after (right) the high 590
KCl puff, illustrating the ability of detecting high-frequency synaptic events in response to ambient 591 depolarization. Events were detected based on a threshold-crossing algorithm on the derivative 592 (bottom) of the current traces (top). Vertical lines indicate detected synaptic events. 593 594 
